Abstract. We tested 1,549 avian carcasses of 104 species to identify targets for West Nile virus (WNV) surveillance in Colorado, determine species affected by WNV, compare virus isolation versus RNA detection applied to hearts and oral swabs from carcasses, and compare the VecTest WNV Antigen Assay (VecTest) to standard assays. Forty-two species tested positive. From June to September 2003, 86% of corvids, 34% of non-corvid passerines, and 37% of raptors tested positive. We developed the Target Species Index, which identified American crows as the most important avian indicator species. However, testing multiple species maximizes detection, which may be important early and late in the transmission season. This index may benefit surveillance for other zoonotic pathogens, such as highly pathogenic avian influenza H5N1 virus. VecTest using oral swabs was most sensitive for American crow, black-billed magpie, house finch, house sparrow, and American kestrel. Wildlife rehabilitation centers should be recruited to enhance WNV surveillance.
INTRODUCTION
Avian mortality surveillance has been established as a useful and sensitive early detection system for West Nile virus (WNV; genus Flavivirus, family Flaviviridae) activity. [1] [2] [3] WNV-positive birds have often provided the earliest indication of WNV activity and frequently precede human WNV case reports. 4 The American crow (Corvus brachyrhynchos) has proven to be a sensitive avian sentinel for WNV surveillance in the northeast United States [5] [6] [7] and southern California, 8 but reports documenting the use of crows and other species for surveillance are lacking from other regions. The primary value of testing avian carcasses for WNV infection is the documentation of local WNV activity, which can be quantified for risk determination using a variety of other surveillance systems, including mosquito collection and testing, sentinel animals, or dead bird cluster analyses. [9] [10] [11] American crow populations have been reduced in some areas because of WNV-related die-offs. [12] [13] [14] [15] In regions where crows are sparse, whether naturally or because of WNVrelated depletion, carcasses of other bird species may be useful WNV surveillance tools. Furthermore, the VecTest WNV Antigen Assay (VecTest; Medical Analysis Systems, Camarillo, CA) has been shown to be a sensitive diagnostic tool in testing oral and cloacal swabs from American crows and some other corvids, but few data exist on the use of VecTest for rapid WNV detection in samples from non-corvids. [16] [17] [18] [19] [20] To make recommendations on appropriate avian mortality surveillance techniques for WNV in a High Plains state (Colorado), we tested carcasses of multiple bird species to 1) determine the spectrum of avian species affected by WNV in Colorado, 2) compare WNV detection rates in carcasses of the American crow and other birds in Colorado, 3) compare WNV detection assays (virus isolation versus TaqMan reverse transcriptase-polymerase chain reaction [RT-PCR]) and WNV detection in samples (heart versus oral swab) from avian carcasses, and 4) evaluate VecTest applied to oral swabs from corvid and non-corvid bird species.
MATERIALS AND METHODS
Sampling and origin of dead birds. Dead birds were collected during [2002] [2003] [2004] [2005] , mostly from private citizens through local health departments, wildlife rehabilitators, and the Centers for Disease Control and Prevention, Arbovirus Diseases Branch in Fort Collins, CO. In 2002, dead bird collection began in mid-August, after WNV was first detected by the Colorado Department of Public Health and Environment, and collection was carried out until November. In subsequent years, dead birds were collected from April until October. American crows were not included in the study in 2002, and corvids were not included in 2004 because they were tested exclusively by the state health laboratory for their own surveillance purposes.
The vast majority of birds in this study were from Colorado. However, several raptors were submitted that originated from New Mexico, Wyoming, or Nebraska. Although birds from numerous counties were tested in all years, in [2003] [2004] [2005] , the study focused mostly on two northern Colorado counties (Larimer and Weld).
Birds deemed dead Յ 48 hours were refrigerated and sampled the same day when possible or were placed at −20°C and thawed for sampling within 2-4 days. After thawing, the oropharyngeal cavity was swabbed with a cotton-tipped applicator, and several pieces of heart were removed aseptically with a sterile surgical blade. The heart was deemed a convenient tissue for sampling and has consistently proven to be one of the most reliable tissues for WNV detection in birds. [21] [22] [23] [24] [25] [26] In all years except 2003, oral swabs were broken off into 1 mL BA-1 diluent (Hank's M-199 salts, 1% bovine serum albumin, 350 mg/L sodium bicarbonate, 100 units/mL penicillin, 100 mg/L streptomycin, 1 mg/L Fungizone in 0.05 mol/L Tris, pH 7.6); in 2003, oral swabs were submerged in 1 mL of VecTest grinding buffer. In all years, heart samples were placed in cryovials with 1 mL BA-1 diluent and BB pellets. Heart samples (0.5 cm 3 ) were ground in a Qiagen mixer mill (Qiagen, Valencia, CA) at 25 cycles/s for 5 minutes and clarified by centrifugation (12,000 × g for 3 minutes). Oral swab samples were tested by VecTest immediately after sampling, after which oral swab and heart samples were held at −80°C until further testing was performed.
Plaque assay. were placed into 1 mL VecTest grinding buffer, and 250 L was aliquoted for VecTests. The VecTest strip was added to the solution for 15 minutes at room temperature and dried on a paper towel for ∼5 minutes. Strips were independently read by three people, and a strip was interpreted positive if at least two of three readers recorded the presence of a line, scored between 1 (lightest band) and 3 (darkest band).
TaqMan RT-PCR. TaqMan RT-PCR was performed on oral swabs and heart homogenates. RT-PCR methods for detection of WNV RNA followed those of Lanciotti and others 27 except for use of the Viral RNA Minikit (Qiagen) for RNA extraction and use of the Bio-Rad Icycler IQ Real-time Detection system (Bio-Rad, Hercules, CA) for cDNA amplification. A Ct value of 37 or less was considered positive for target sequence amplification. Samples were screened with one pair of primers and positives confirmed with a second pair of primers.
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Statistical analyses. We calculated 95% confidence intervals (CIs for carcass infection proportions using the Wilson score method [S-PLUS 6.1 Professional software; Insightful, Seattle, WA]). To evaluate whether species or year data could be combined, we used log-linear analysis (Statistica for Windows 99 edition; StatsSoft, Tulsa, OK) to test for partial or mutual independence among the variables "species" and "year." A WNV-positive sample was defined as a sample that tested positive by either plaque assay or TaqMan RT-PCR, because both of these tests have comparable sensitivity and have become standard diagnostic tests for WNV detection. 27 We used Pearson 2 test to compare the proportion positive of each species for which N > 5 and each species-group against all other species or species-groups, respectively. When one cell of the 2 × 2 table was < 5, we used a right-tailed Fisher exact test instead. To determine significant differences for species comparisons, we used Bonferroni-adjusted ␣ ‫ס‬ 0.0031 (for 16 comparisons). For species-group comparisons (N Ն 80), we used Bonferroni-adjusted ␣ ‫ס‬ 0.017 (for three comparisons). We used Pearson 2 test to compare test agreement values (kappa statistic []) for plaque assay and TaqMan RT-PCR of both oral swab and heart and for values for oral swab and heart samples tested by both assays. Sensitivity, specificity, false positivity, and values of VecTest were derived by comparison with standard test (Vero plaque assay or RT-PCR of oral swab or heart) results. Sensitivity was defined as the proportion of true positives that was positive by VecTest; specificity was the proportion of true negatives that was negative by VecTest; false positivity was the proportion of true negatives that was positive by VecTest; and test agreement was the proportion of true positives and negatives with matching results using VecTest. We compared VecTest sensitivity for each species against that of all others combined using a right-tailed Fisher exact test, and a Bonferroni-adjusted ␣ ‫ס‬ 0.0038 (for 13 comparisons).
Target Species Index. We conceived the Target Species Index (TSI) to evaluate which species of bird was most efficient for detecting WNV infections. We define the TSI as a relative numerical expression that considers abundance and infection rate of carcasses for each species tested. We developed a simple mathematical equation describing the TSI as follows:
where T represents the index value, a is a proportion (ranging from 0 to 1) describing the relative abundance of carcasses of any one species compared with the total number of carcasses tested, and f is the proportion (ranging from 0 to 1) of speciesspecific carcasses that tested positive. To make the value for T relative to unity, we divided each species-specific T value by the lowest non-zero T value (T min ).
For the case where the diagnostic methods are experimental, we conceived the test-specific TSI and modified the equation for T as follows:
where T exp is the test-specific index value, and s and are test-specific sensitivity and agreement parameters, respectively, derived from comparison with the standard methodology. In this study, T exp was calculated using experimental data derived from VecTest.
Differences among index values were considered significant if their 95% CIs failed to overlap.
RESULTS
A total of 1,549 dead birds (of 104 species) were tested for WNV; dead birds of 42 species tested positive ( Table 1 To study differences in WNV infection by species, we focused on carcasses tested during peak transmission months (June-September) during the 2003 epizootic year ( Table 2) . Range of percents positive for species with N > 5 was 67-91% for corvids, 14-85% for non-corvid passerines, and 23-45% for raptors. When compared against all other species, American crow (91%) and house finch (85%) had significantly greater proportions of positives (P < 0.003). We also evaluated differences in proportions positive among species-groups including corvids, non-corvid passerines, and raptors (included both falconiforms and strigiforms), and only corvids were significantly more likely to be positive (P < 0.01). To determine which species or species-groups should be targeted for surveillance in our study area (northern Colorado), we calculated TSI values (Table 2) . American crow scored significantly higher than all other species evaluated. For speciesgroups, corvids and raptors scored highest, followed by noncorvid passerines and then all others. Grouping all birds together yielded the highest target species index score of 180 (95% CI, 160-200).
In 2002, 227 dead birds of 52 species were tested, and 22 birds tested positive (14 species) for WNV by at least one standard technique. One of the 22 positives was a raptor In 2005, 549 dead birds were tested of 54 species, and 33 birds tested positive for WNV, including 15 species. Thirteen of the 33 (39.4%) positive dead birds were raptors, 9/33 (27.3%) were corvids, and 7/33 (21.2%) were non-corvid passerines. The earliest positive was an American kestrel sampled on July 31, and the latest an American crow on September 23, 2005 .
We compared plaque assay and TaqMan RT-PCR using test agreement, , to ensure that our use of virus isolation and RNA detection as standard tests was appropriate. The for hearts tested by both assays (N ‫ס‬ 1,462) was 0.97 and for oral swabs (N ‫ס‬ 1,085) was 0.99. No significant differences were detected between species or years, so tests were combined across species and years for this analysis. We also compared heart and oral swabs as samples for WNV detection; the for sample type (N ‫ס‬ 1,104) was 0.97. No significant difference in detection rate was observed between sample types (Pearson 2 test; P ‫ס‬ 0.15). VecTest results are presented for species-groups (Table 3 ) and individual species for which the number of true positives was Ն 5 (Table 4) . Sensitivity values among species-groups varied and were highest for corvids (0.80). False positivity was generally low (range, 0.03-0.12 among species-groups), and test agreement was high (0.85-0.87) among species-groups. Species-specific sensitivities were highest for the corvid species (range, 0.69-0.83), as well as house sparrow (0.60) and house finch (0.62), but were very low for most raptors (0.00-0.33, excluding northern saw-whet owl; Aegolius acadicus), American robin, and mourning dove (0.00 each). Test agreement was good to excellent for most species (> 0.75). The test-specific TSI values derived from the VecTest results confirmed that American crows were significantly more valuable for WNV surveillance than the other species tested by VecTest (Table 4) .
DISCUSSION
Avian mortality-based surveillance for WNV is valuable for passive early detection of WNV activity. WNV avian mortality surveillance has advantages (e.g. potential for early detection, passive data collection) and disadvantages (e.g. reliance on outside sources for reporting and submitting dead birds with associated biases and difficulty of coordinating 
quail (Callipepla gambelii), great blue heron (Ardea herodias), green-tailed towhee (Pipilo chlorurus), grey catbird (Dumetella carolinensis), gyrfalcon (Falco rusticolus), hermit thrush (Catharus guttatus), house wren (Troglodytes aedon), killdeer (Charadrius vociferus), lark bunting (Calamospiza melanocorys), lark sparrow (Chondestes grammacus), lesser goldfinch (Carduelis psaltria), loggerhead shrike (Lanius ludovicianus), long-eared owl (Asio otus), mourning warbler (Oporornis philadelphia), northern pygmy owl (Glaucidium gnoma), osprey (Pandion haliaetus), pine siskin (Carduelis pinus), red-breasted nuthatch (Sitta canadensis), red-winged blackbird (Agelaius phoeniceus), ring-billed gull (Larus delawarensis), ruby-crowned kinglet (Regulus calendula), rufous hummingbird (Selasphorus rufus), sage thrasher (Oreoscoptes montanus), short-eared owl (Asio flammeus), spotted towhee (Pipilo maculatus), Swainson's thrush (Catharus ustulatus), tree swallow (Tachycineta bicolor), wild turkey (Meleagris gallopavo), turkey vulture (Cathartes aura), violet green swallow (Tachycineta thalassina), western bluebird (Sialia mexicana), western kingbird (Tyrannus verticalis), western meadowlark (Sturnella neglecta), western screech-owl (Megascops kennicottii), western wood-pewee (Contopus sordidulus), wood duck (Aix sponsa).
dead bird reports and collection). 9, 14, 28, 29 Although much WNV surveillance literature has focused on the American crow, 1,2,5,7,30 percentages of positive crows versus other bird species in New York indicated that testing carcasses of all bird species was important. 31 Common urban or suburban species (e.g. house sparrow, house finch, and northern cardinal [Cardinalis cardinalis]) were useful for WNV avian mortality surveillance in areas of New York State where the density of corvid populations was low. 19 Our results confirm that the American crow is more useful than other species for WNV detection in a region of intense WNV transmission risk (Colorado), 32 but also show the use of testing many species. For example, we ranked the most useful species for WNV avian mortality surveillance using a novel TSI and found that after American crow, several other species ranked highly using this index: American kestrel, black-billed magpie (Pica hudsonia), house finch, red-tailed hawk, great horned owl, house sparrow, and blue jay (Cyanocitta cristata; Table 2 ). Using the TSI highlights the use of testing multiple species. TSI values for species-groups were much higher than individual species with the possible exception of American crow. The TSI score for all birds combined was 3-to 4-fold greater than that for American crow, which indicates that testing all birds would be the most sensitive WNV avian mortality surveillance system in Colorado.
As groups, raptors and corvids scored similar TSI values in our study, in part because of coordinated submissions of carcasses by raptor rehabilitators. In New York, 57% of American kestrels, 43% of red-tailed hawks, and 19% of great horned owls were WNV positive, 31 compared with 45%, 45%, and 28%, respectively, in our study. Applying the TSI to the New York data, however, we found that these species scored lower relative to American crow than in Colorado (data not shown). Many factors contribute to this difference, including selection biases (e.g. some species such as crows are more likely to be submitted for testing than others) and differences in species distributions between the two states. An important limitation to the TSI is season, because birds that die when WNV is inactive would bias the index values. We avoided this bias by limiting the carcasses used for these calculations to those submitted during peak WNV transmission season. TSI values could change temporally and spatially.
Collaboration with wildlife rehabilitators and agencies can help maximize the usefulness of avian mortality surveillance in a given region. Such efforts are mutually beneficial because † Eighteen raptor oral swabs were not tested by VecTest. along with fulfilling surveillance purposes, testing avian carcasses provides diagnostic information to rehabilitators while increasing the understanding of how WNV affects different bird species. Live raptors admitted to rehabilitation facilities have also shown promise for early detection of WNV. 33 Although data collected from our testing of dead birds did not specifically evaluate the effects of WNV on avian populations of Colorado, they did point to some concerns. We report WNV detections in carcasses of 42 avian species of 19 families, which included rare reports of WNV infection in species such as Clark's grebe (Aechmophorus clarkii) and flammulated owl (Otus flammeolus). We did not detect WNV-infected carcasses of locally threatened species such as bald eagle (Haliaeetus leucocephalus) or burrowing owl (Athene cunicularia). However, we feel that the probability of these being submitted for testing would be very low given their reduced populations. Our data do show potential WNVassociated population-reducing effects on corvids and raptors in Colorado, although we cannot quantify these reductions. Some species for which we tested few carcasses, but may have been substantially affected by WNV, would include blackcapped chickadee (Poecile atricapilla; 3 positive/4 tested), northern goshawk (Accipiter gentilis; 2/2), and ferruginous hawk (Buteo regalis; 4/7). Although these species will not be useful targets for surveillance purposes because of low numbers, they may be very efficient indicators of WNV activity. Other vulnerable species in Colorado would include greater sage-grouse (Centrocercus urophasianus), 34 as well as endangered species such as Gunnison sage-grouse (Centrocercus minimus), piping plover (Charadrius melodus), and least tern (Sterna antillarum). 35 Our data do permit us to weigh WNV as a cause of mortality against other causes within species. For example, during the 2003 epizootic, WNV was frequently associated with crow deaths (91% of carcasses tested positive) and house finch deaths (85%). This changed in 2005 (a year with less transmission), in which WNV was detected in 60% of American crow carcasses and only 6% of house finch carcasses. Causes of death among the WNV-negative carcasses in this study remain unknown, but numerous possibilities exist; infectious diseases that may cause bird mortality in Colorado include avian pox, salmonellosis, ornithosis, trichomoniasis, and aspergillosis. Additionally, we detected several as yet unidentified viruses in some carcasses.
Decreased detection of WNV in avian carcasses after 2003 corresponded with a decrease in human WNV cases and deaths reported in Colorado within the same time frame. 36 The months of highest WNV activity in northern Colorado from 2002 to 2005 included August and September in most years, whereas in the epizootic year of 2003, July and August were the months with highest proportions of WNV positive dead birds (results not shown). We observed a low prevalence of positive birds in early and late months of the WNV transmission season in Colorado, so we recommend increasing the avian carcass sample size if an emphasis on early and late detection is desired. In addition, the earliest and latest species detected varied among years, and often included raptors. Therefore, we also recommend testing multiple bird species for earliest detection of WNV in a given season. Our TSI, calculated from locally derived data, can be used to determine which species should be included for greatest efficiency of detection. Local resources will determine how many additional species to include. For example, from our data and assuming limited resources, we might recommend expanding to seven other species in addition to American crow, using a TSI value of 6.0 as a cut-off (see Table 2 ). This expansion would add black-billed magpie, blue jay, house finch, house sparrow, great horned owl, American kestrel, and red-tailed hawk and more than doubles probability of detection (group relative TSI for 2003 June-September ‫ס‬ 4.5; 95% CI, 4.0-5.0) relative to the rejected species (group relative TSI for 2003 June-September ‫ס‬ 1.0; 95% CI, 0.7-1.4), including commonly reported carcasses such as American Robin, common grackle, European starling, rock pigeon, and mourning dove. We recognize that expanding avian mortality surveillance to include multiple species will increase the cost and overall burden of the surveillance program on the public health system. However, we believe that the passive nature of this surveillance makes it more cost effective than other systems, such as virus testing of mosquito pools during periods of very low transmission (e.g., early and late in the transmission season). Our data provided an opportunity to re-evaluate sample types and assay methods for WNV detection among avian carcasses. We corroborated previous findings by other authors that oral swabs versus hearts are equally valuable for WNV detection, as are TaqMan versus plaque assay. 20, 27, 37 However, we recognize that testing multiple specimen types per bird carcass, as well as using a variety of assays, increases detection rates.
Rapid antigen detection assays may improve the usefulness of avian mortality surveillance for WNV. 20, 38 For this reason, we evaluated the sensitivity, false positivity, and test agreement of VecTest compared with standard virus detection methods and found that VecTest sensitivities varied among species. VecTest sensitivity of American crow oral swabs (83%) in our study is comparable with previous field studies; as in other studies, VecTest sensitivity in the American crow is higher than that of other species, especially noncorvids. 16, 19 Stone and others 19 reported that sensitivity of VecTest applied to oral swabs was favorable in some bird species, such as American crow (0.67), blue jay (0.78), and house sparrow (0.82), whereas northern cardinal, common grackle, and house finch had sensitivities Ն 0.50 but were limited by small sample sizes. Lower sensitivities (Յ 0.20) occurred for mourning dove, fish crow (Corvus ossifragus), American robin, and raptors (seven species combined), which concurred with our observations (excluding fish crow, which we did not test). We observed that VecTest was insensitive for raptors and non-corvid passerines (0.30 and 0.46, respectively). However, house finch and house sparrow sensitivities (0.63 and 0.60, respectively) may be considered useful, especially given the relative abundance of these peridomestic species. When we combined sensitivity and test agreement results, we observed that corvids, house finch, and house sparrow all scored higher than other species (Table 4) . We also modified our TSI for application with experimental diagnostic tests such as VecTest. The modified index was termed test-specific TSI. Applying this index, we found that VecTest was useful for WNV detection in some corvids (American crow and black-billed magpie) and some other passerines (house finch and house sparrow) but should not be used with raptors, except for American kestrels (Table 4) . Both the TSI and the test-specific TSI should have use for other disease surveillance programs in which multiple species may be targets for surveillance, such as avian influenza and plague.
We report VecTest false positivity in our study (∼10% overall). All of the false positives we observed were considered weak positives (scored as 1 or 0 by all three observers). A more stringent definition of a VecTest positive result, such as a score of Ն 2 by at least one observer, would have eliminated all false positivity in our hands but at the expense of sensitivity. Stone and others 19 observed false-positive VecTest results, mostly in gray catbirds (Dumetella carolinensis) and green herons (Butorides virescens), but otherwise found high specificity for the VecTest assay applied to oral swabs of bird carcasses (0.98) compared with a standard test (WNV RNA detection in kidney or brain). We observed similar specificity for VecTest in our study (∼0.90). Yaremych and others 17 evaluated VecTest usefulness in American crows and detected some false positives; they suggested that more extensive testing of VecTest in American crows is needed and a confirmatory test be used in conjunction. We also recommend confirmatory testing by a second technique, especially for early detection purposes.
In conclusion, avian carcass testing complements quantitative WNV surveillance methods as an effective means of detecting early WNV activity. We believe that avian mortality surveillance in the High Plains states such as Colorado should continue focusing on corvids and raptors, although inclusion of multiple species would enhance early and late detection and detection in regions of low corvid density. Eidson and others 6 recommended "unrestricted testing" of bird species to provide earliest warning of WNV activity in an area and encouraged continued surveillance of viral activity. Wildlife rehabilitation centers can greatly enhance and simplify surveillance efforts in some areas by concentrating many samples in few locales. We compared a novel rapid test with standard virus detection methods for avian carcasses and found that VecTest is especially useful when applied to oral swabs from corvid carcasses but is less sensitive when used with other species.
